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ABSTRACT  
 
Doping and alloying agents are commonly used to engineer the properties of 
magnetic materials. This study investigates the effects of doping manganese in thin films 
of Ni80Fe20 (permalloy) and Ni65Fe15Co20 magnetic systems for low power memory 
technologies, including those that operate at low temperature.  
Elemental manganese is anti-ferromagnetic with a Neel temperature of 100 K. 
When used as a dopant in a magnetic material, it is found to often align its moment in an 
antiferromagnetic direction. Thus, the addition of manganese might be expected to reduce 
the overall saturation magnetization (MS) of the magnetic system. In this study, we show 
that the use of manganese dopants in Ni80Fe20 (permalloy) and Ni65Fe15Co20 thin films can 
reduce their saturation magnetization and still retain excellent switching properties.   
Magnetic properties and transport properties were determined using Vibrating 
Sample Magnetometer. A 19% decrease in the MS of (Ni80Fe20)1-xMnx thin films and a 36% 
decrease for (Ni65Fe15Co20)1-xMnx thin films for dopant levels of x = 30%. The impact of 
depositing a ruthenium (Ru) under-layer for (Ni65Fe15Co20)1-xMnx system was also studied.  
The structural (lattice parameters and phases), surface (roughness and topography) 
and electrical properties (resistivity and mean free path) of the Mn-doped Ni65Fe15Co20 
films were determined with X-Ray Diffraction, Atomic Force Microscopy and Four-Point 
probe technique respectively. 
The properties were analyzed and Ni65Fe15Co20 system with Ru- under-layer with 
20 at. % Mn content was found to exhibit the following low-field switching properties at 
10 K; MS~700 emu.cm
-3, easy axis coercivity ~10 Oe and hard axis coercivity ~5 Oe, easy 
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axis squareness ~0.9 and anisotropy field ~12 Oe, that are deemed useful for low-power 
memory applications that could be used at cryogenic temperatures.  
To determine the transport properties thought these magnetic layers for use in 
superconductor/ferromagnetic memory structures, a study of the oxidation conditions of 
Al films was performed in order to produce a reliable aluminum oxide tunnel barrier on 
top of these films.  The production of N-I-F-S (Normal metal-Insulator-Ferromagnet-
Superconductor) tunnel junctions will allow for the investigation of the tunneling density 
of states as a function of ferromagnetic layer thickness, allowing for the determination of 
important transport parameters relevant to magnetic barrier Josephson junction devices.  
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CHAPTER 1 MOTIVATION AND INTRODUCTION  
 
1.1 Overview  
 
In the research for high-end computing (HEC) systems, Superconducting RSFQ 
(Rapid Single Flux Quantum) technology has emerged as a viable candidate owing to its 
high-speed operation and low power requirements compared to current CMOS technology 
[1]. Superconducting RSFQ circuitry is composed of superconducting Josephson junction 
devices that switches at speeds up to 770 GHz [2].  One of the critical problems in realizing 
RSFQ based HEC systems is the lack of a compatible low-power and dense 
superconducting memory. 
Cryogenic RAM has attracted a lot of attention in this direction for its ultra-fast 
operation, high density and low power consumption. It has been reported that MRAM 
(Magneto-resistive Random-Access Memory) is a viable candidate for this purpose as its 
use at low temperature could potentially satisfy the requirements for superconducting rapid 
Single flux quantum (RSFQ) circuits [1]. MRAM also offers non-volatility- a critical 
feature in modern memory technologies [3]. However, in its currently-used circuit 
configuration, it dissipates too much energy from the device during read and write 
operation and from the bit selecting transistor used during the addressing process. The use 
of a lower MS material at cryogenic temperatures can, in principle, reduce the energy of 
the write process. The elimination of the power-hungry bit selecting transistor and the use  
of lower resistance metallic barriers used in spin valves could further reduce the energy to 
desirable levels for cryogenic HEC applications.  
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 Magnetic Tunnel Junction (MTJ) is the building block of MRAM devices. MTJ 
consists of two ferromagnetic thin films separated by a barrier. Schematics of MTJs in 
MRAM and JMRAM are shown in figure 1a) and 1b) respectively. [3]  
 
 
 
Figure 1. (a) MTJ in a MRAM cell. (b) MTJ in a JMRAM cell [3] 
 
MTJ in MRAM operates based on the change in the resistance due to the relative 
orientation of the ferromagnetic layers. This change is given by Tunneling Magneto-
Resistance (TMR), where we obtain high resistance when the magnetizations of the two 
layers are in anti-parallel orientation and vice versa [3]. One ferromagnetic layer is called 
the fixed layer where the magnetization is fixed, and the other layer is called the free layer 
where the magnetization can be switched. 
A relatively recent proposal to create a low power magnetic memory is called 
JMRAM (Josephson MRAM). In that case, the relative orientation, parallel or antiparallel, 
manipulates the relative phase of the superconductor shift through the device [4].  In one 
a) b) Superconductor 
Superconductor 
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rendition, it can produce different amounts of supercurrent through the junction or in 
another, whether the junction operates as a 0- or - junction, depending on the orientation.  
As mentioned earlier, one way to decrease the power consumption is by replacing 
the free layer in the MTJ with materials with low saturation magnetization (MS) as the 
switching energy of a single domain bit scales as MS
2t2 (t is the thickness of the layer) as 
predicted by the Stoner-Wohlfarth model, which simulates coherent rotation of a bit [6] [7]. 
Practically, we encounter a plethora of effects which are not considered in the theoretical 
models. For instance, effects such as curling, pinning, buckling and so on are not 
considered in the Stoner-Wohlfarth model. In order to obtain more ideal switching behavior, 
magnetic materials with zero or near zero magnetostriction and low crystalline anisotropy 
(HK) are needed to reduce the influence of stress and grain orientation on the switching 
properties [5]. In order to reduce the switching energies of the deposited films, they must 
exhibit low coercivity (HC) and high squareness (MR/MS) [7]. Since our application is in 
cryogenic memory technologies, all the desired magnetic properties mentioned above 
should be found at low temperatures.  
The device performance is also hindered by the transport properties through the 
ferromagnetic layers. There should be minimum scattering of the majority and minority 
spin channels traversing through the ferromagnetic layers in order to achieve high critical 
current densities which are useful for JMRAM devices [5]. 
Ni-Fe alloys are the most widely used ferromagnetic materials in non-volatile 
memory technology,  as they are soft-magnets with low MS ( 700 – 1000 emu.cm-3), low 
HC (<15 Oe), high easy axis squareness (> 0.85), zero or near zero magnetostriction, low 
crystalline anisotropy, etc. Doping with non-magnetic or antiferromagnetic materials bring 
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down the MS further which contributes to the lowering of MS, and potentially the switching 
energy [4]. Recently, we studied the magnetic and transport properties of two magnetic 
systems (Ni80Fe20)1-xCux [4] and (Ni80Fe20)1-xCrx [5] where permalloy (Ni80Fe20) is the 
ferromagnetic material and copper (Cu) and chromium (Cr) are the non-magnetic and 
antiferromagnetic materials respectively. 
The initial goal of my thesis work was to study the influence of alloying/doping of 
manganese, an antiferromagnetic element, in two ferromagnetic systems - permalloy (Ni80Fe20) 
and Ni65Fe15Co20. We have also studied the influence of a ruthenium (Ru) under-layer on the 
film quality and the magnetic properties of (Ni65Fe15Co20)1-xMnx system. We have 
characterized the magnetic properties of both (Ni80Fe20)1-xMnx and (Ni65Fe15Co20)1-xMnx 
alloy films and structural and the electrical properties of (Ni65Fe15Co20)1-xMnx alloy films.  
Our second goal was to fabricate N-I-S (Normal metal - Insulator - Superconductor) 
junctions with aluminum (Al) as the normal metal electrode, aluminum-oxide (AlOx) as the 
insulating tunnel barrier and niobium (Nb) as the superconductor electrode and determine the 
optimum oxidation condition for AlOx from the I-V characteristics. Then, the next step would 
be to insert a ferromagnetic layer in between the insulator and the superconductor making it N-
I-F-S junction and studying the tunneling density of states propagating through the 
ferromagnetic layer as a function of its thickness. From this study, we would be able to 
determine crucial magnetic and electrical parameters including the magnetic coherence 
length (ξF) and the exchange energy (Eex) as a function of thickness [8]. 
In the introduction of this thesis, some basic concepts such as Ferromagnetism and 
Anti-Ferromagnetism, Superconductivity and N-I-S Tunneling are reviewed.  
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1.2 Ferromagnetism and Anti-Ferromagnetism 
 
The origin of magnetism is given by the orbital motion, the electron spin and their 
interaction. Magnetism is classified in to 5 types based on the materials’ response to 
magnetic fields, 1) Diamagnetism, 2) Paramagnetism, 3) Ferromagnetism, 4) Anti-
ferromagnetism, 5) Ferrimagnetism. Diamagnetism and paramagnetism don’t exhibit 
magnetic order or collective magnetic interactions. The other three types exhibit long range 
magnetic order below a critical temperature. The Curie temperature (TC) is the critical 
temperature in the case of ferromagnetic and ferrimagnetic materials, above which the 
magnetism becomes disordered and the materials exhibit paramagnetism. Similarly, the 
Neel Temperature (TN) is the critical temperature for anti-ferromagnetic materials above 
which the materials become paramagnetic. This transition occurs due to thermal energy 
overcoming the electronic interaction in the magnetic materials [9]. 
            The magnetic properties of ferromagnetic materials are dominated by an electronic 
interaction called the exchange interaction. It is a quantum mechanical phenomenon that 
results in a parallel orientation of spins in ferromagnets. In contrast, in anti-ferromagnets, 
the atomic moments align anti-parallel to each other, resulting in net zero magnetization.  
A plot of magnetization as a function of magnetic field called the Hysteresis plot or 
loop and is useful to extract various magnetic properties of the material [8]. A sample 
hysteresis loop is shown below figure 2. 
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Figure 2. Hysteresis loop of a soft ferromagnetic material [10] 
 
Magnetic properties determined from the Hysteresis loop [10]: 
 Saturation Magnetization (MS): It is the measure of the maximum 
magnetization in the material at sufficiently large fields where all the magnetic 
moments are aligned in the direction of the filed. It is indicated as ‘a’ in figure 2.  
 Remanent Magnetization or Retentivity (MR):  It is the measure of the amount 
of magnetization remaining in the material when the magnetic field is reduced to 
zero after reaching saturation. It is indicated as ‘b’ in figure 2.   
 Coercivity (HC): It is the measure of the amount of reverse magnetic field 
required to bring the magnetization down to zero, indicated as ‘c’ in figure 2.           
 Squareness (MR/MS):  It is given by the ratio of retentivity over saturation 
magnetization which is characteristic of inhomogeneity of the material and the 
corresponding mobility of the domain walls. 
Additional magnetic properties and its measurement are discussed in chapter 3.  
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1.3 Superconductivity 
 
This section is intended to give an introduction to the concept of superconductivity, 
formation of cooper pairs and the origin of the superconductor energy gap.  
In 1911, H. Kamerlingh Onnes [11] discovered Superconductivity. 
Superconductivity is the concept where the material’s D.C. resistance drops to zero. This 
characteristic is found in some materials when the material is cooled below a certain 
temperature called the critical temperature (TC). 
After the discovery of superconductivity, Bardeen, Cooper, and Schrieffer 
proposed a theory in 1957 called the BCS theory which attributes the superconductor 
properties as arising from the existence of Cooper pair.  Cooper pair or BCS pair is a pair 
of electrons bound together through a phonon or other type of phonon mediated process 
(electron – phonon interaction). The two electrons in a “Cooper- pair “have opposite spin 
and k-vectors as shown in figure 3 [12].  
 
 
 
 
 
 
 
 
 
 
The excitation of the Cooper-pair results in two quasiparticles in excited states. The 
difference in energy between the lowest quasiparticle excitation and the energy of Cooper-
pair state is called the superconducting energy gap 2Δ, Δ above and below the fermi level 
Δ 
+hk -hk 
Figure 3. Schematic of a Cooper pair [8] 
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EF of the quasiparticles shown in figure 4. The quasiparticles are fermions and follow Fermi 
statistics. The gap reduces as the temperature approaches TC. [13] [14] 
 
 
Figure 4. (a) Conduction band in the normal state; (b) Energy gap at the Fermi level in 
the BCS SC ground state [15] 
 
1.4 Normal metal / Insulator / Superconductor (NIS) Junctions 
Tunneling is quantum mechanical phenomenon where the electrons can transport 
between two conducting materials separated by an insulating barrier.  
In this thesis we will review the tunneling between Normal Metal (N) and a 
Superconductor (S) separated by an insulating material (I) which is the basis for further 
studies with a ferromagnetic layer (F) in N-I-F-S junctions. Figure 5a shows the structure 
of an NIS tunnel junction.  
At 0 K and 0 V, an electron cannot transport from superconductor to normal metal 
as the DOS of metal are filled, as shown in figure 5b. When a bias is applied, the fermi 
level of the superconductor raises and once it’s above the fermi level of the metal by Δ, the 
electrons tunnel to the normal metal as shown in figure 5c, since the superconductor gap is 
given by 2Δ. As voltage is applied, the Fermi level of superconductor is raised, and 
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electrons can tunnel through the barrier when the voltage is larger than Δ, as shown in 
Figure 11(c). The tunneling current is zero when the bias is less than Δ and T=0, and at 
higher voltages it becomes linearly dependent with voltage. The I-V characteristic of an  
N-I-S tunnel junction is shown in figure 5d. 
 
 
 
 
 
 
 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. (a) N-I-S junction structure; (b) Energy band diagram at 0 V; (c) Energy band 
diagram at V> Δ; (d) N-I-S tunneling I-V characteristic [16] 
d) 
a) 
c) b) 
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1.5 Research plan and thesis organization 
 
In Chapter 2, we will describe thin film sputter deposition technique.  
In Chapter 3, we will review the various characterization techniques used for the 
analysis of the thin films and fabricated devices.  
In chapter 4, we will discuss our approach to reduce the saturation magnetization 
MS using Mn doping and then describe the resulting magnetic, electrical and structural 
properties. We also look at the effects of under-layer on the magnetic properties of 
(Ni65Fe15Co20)1-xMnx system.   
In chapter 5, we overview the process of fabricating tunnel junctions with a shadow 
mask, determination of optimum oxidation condition and their I-V characteristics. 
In chapter 6, we describe the conclusions that we can derive from this thesis work 
and suggestions for future work on N-I-F-S junctions and the associated tunneling 
measurements used to study the transport properties of the ferromagnetic layers.  
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CHAPTER 2 THIN FILM GROWTH METHOD 
 
Magnetron sputtering is the most widely used thin-film deposition technique 
research labs, as it offers great control over thickness and composition. Films of various 
compositions with different materials can be obtained by co-sputtering of dissimilar 
materials. Since we needed to control the film composition (metal alloys) precisely with 
thicknesses as small as a couple of nanometers, we decided to utilize the DC Magnetron 
sputtering technique. In this chapter we will discuss the concept of sputtering and describe 
the two sputter chambers used in this thesis.  
2.1 Thin film growth requirements 
 
 Both projects involved multilayer deposition. Thus, sputtering was a viable option. 
We used multi-target sputter chambers. The chamber used for the study of magnetic 
systems had 6 – sputter sources with different sputter targets that included Ni80Fe20, 
Ni65Fe15Co20, manganese (Mn), niobium (Nb) and ruthenium (Ru). The other chamber 
housed sputter sources with targets of aluminum (Al) and niobium (Nb) for developing N-
I-S tunnel junctions. 
For fabricating high-quality tunnel junction with a superconducting gap energy of 
around 1.3 mV - 1.4 mV (Δ) at 4.2 K, we require Nb films with minimal native and impurity 
point defects. Also, to observe the full effect of the superconducting properties of niobium, 
the thickness of the film has to be greater than its coherence length, which is about 80 nm 
[8].  
Growth conditions are critical in achieving high purity films. Outgassing of 
impurities from the chamber walls, fixtures and sputter sources result in growth, especially 
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as a result of the plasma that is produced during the sputter deposition process, causing the 
formation of impure films. Since water vapor is the major contamination on the walls of 
chambers, it results in oxygen and potentially hydrogen contamination in the niobium films. 
It is known that oxygen impurity reduces the TC of niobium film [17]. To minimize the 
influence of contamination, low chamber pressures in the range of ~10-8 Torr and high 
growth rates of about 4 -5 Å/s were used.  
2.2 Overview of sputtering  
 
Sputtering is one of the Physical Vapor Deposition (PVD) techniques. The sputter 
process occurs in four steps, 1) Formation of highly energetic inert gas ions which are 
pulled toward the target, 2) these heavy ions bombard the target and expel the target atoms, 
3) these expelled target atoms with sufficient kinetic energy transport toward the substrate, 
4) these atoms settle on the substrate, condense and form thin films [18]. 
Two kinds of sputter power is applied between the anode and cathode – DC and RF 
power. Both DC and RF power sources can be used for depositing metals or conducting 
materials, whereas RF power is required to avoid charge build up on the electrodes when 
using semi-conducting and insulating materials. In order to improve the sputter yield, we 
employed magnetron sources behind the target which traps the secondary electrons. This 
enhances the ionization of the plasma near the target, thereby improving the sputter yield. 
The sputter deposition process is shown in figure 6. [19]  
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Figure 6. A schematic of sputtering process inside a vacuum chamber [19] 
 
2.3 Sputter chambers   
 
 Two multi-target sputter chambers were used for this thesis. One was used for the 
study of manganese doped magnetic systems, shown in figure 7a and the other for N-I-S 
junctions, shown in figure 7b. Both the sputter systems had a load-lock chamber and a main 
chamber. The main chamber is where the deposition takes place and it was always 
maintained at low pressures. The load-lock chamber is where we load and unload the 
samples for deposition. Both the sputter systems were pumped down using cryo-pumps 
which takes the pressure in the chamber to low 10-8 Torr quickly.  
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Figure 7a. UHV chamber used for study on Mn- doped magnetic system 
Main Chamber 
Load-Lock 
Chamber 
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Figure 7b. UHV chamber used for fabricating N-I-S tunnel junctions 
 
  
Load-Lock 
Chamber 
Main Chamber 
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CHAPTER 3 THIN FILM CHARACTERIZATION TOOLS 
 
The thin films and devices prepared by the method discussed in the previous chapter 
were characterized for their structural, magnetic and electrical properties. The principle 
and basics of the characterization techniques and measurement systems used are discussed 
in this chapter.  
3.1 X-Ray Diffraction (XRD) Characterization 
 
XRD was performed using PANalytical X’Pert PRO diffractometer within the 
LeRoy Eyring Center for Solid State Science at Arizona State University. This technique 
is used to determine the structural properties, including crystallinity, lattice parameters, 
grain size and the primary and secondary phases. XRD works based on Bragg’s law, given 
by 
                                                   nλ = 2dsinƟ 
 Where nλ is any multiple of the beam wavelength (in this case 0.154 nm), θ is the 
angle between the beam incident and the sample surface, and d is the lattice spacing for the 
particular set of planes [20]. 
3.2 Atomic Force Microscopy (AFM) 
 
AFM is useful for characterizing surface roughness and feature sizes of thin films. 
It provides us 2-D and 3-D topographical maps of the sample surface. Digital Instruments 
Nanoscope III AFM was used to characterize the films in this thesis. 
The AFM technique works by measuring the change in the Van der Waal’s force 
between the tip and the sample surface. AFM can be operated in 3 modes - contact mode, 
non-contact mode and tapping mode.  Contact mode is where the tip is in the repulsive 
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force region, non-contact mode is where the tip is out of the repulsive region and tapping 
mode is where the tip is oscillating between the two force regions. For this study, AFM 
was operated in tapping mode in order to get high resolution images of the surface without 
damaging the tip or the surface. [8] 
3.3 Rutherford Backscattering Spectrometry (RBS) 
 
RBS is a non-destructive technique used to analyze and determine the composition 
and thickness of the thin films and identify intermixing between the layers. An RBS system 
with a 1.7 MeV Tandem Accelerator at Arizona State University was used for this study.  
High energy α-particles (He++) impinge the sample and the energy of the backscattered 
particles are characterized. RBS results are plotted as yield vs. channel. These results are 
then fed into a simulation software (RUMP) to simulate the sample composition and 
structure and fit the results accordingly. [8] 
3.4 Vibrating sample magnetometer (VSM) 
 
A Vibrating Sample Magnetometer (VSM) is an instrument used to characterize the 
magnetic properties of materials. We used Quantum Design Model P525 PPMS Vibrating 
sample Magnetometer. VSM works based on Faraday’s law of induction, which states that 
an electromagnetic force is induced when a conductor is placed in a varying magnetic field.  
In VSM, the magnetic sample is placed in a constant applied magnetic field and the 
sample is oscillated at a particular frequency which results in a variation in the stray 
magnetic field generated by the sample as a function of time. This induces a voltage in 
pick-up coils. For VSM measurement, the films were deposited on 4 mm x 4 mm 
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substrates, which were loaded in to the PPMS He dewar at the end of a sample rod for 
measurements at temperatures as low as 10 K [21].  
VSM measurement system involves, VSM head which has to be mounted on the 
PPMS dewar, a pick up coil set for voltage detection, electronics for obtaining the voltage 
values and a software program for running the system and plotting the graphs. The VSM 
measurement setup is depicted in figure 8. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. QD VSM - PPMS system for low temperature magnetic measurement 
 
 
 
VSM head 
PPMS He 
dewar 
PPMS 
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3.5 Cryogenic electrical measurements   
 
In the magnetic system study, we used the four-point probe method to measure the 
resistivity of the films. To do the measurement as a function of temperature we attached a 
dipping stick to the probe which was then dipped in a liquid He dewar to measure the 
resistivity as a function of temperature. 
Four point probe measurement consists of four spring loaded in-line probes, where 
the outer probes source current and the two inner probes measure the voltage across the 
probes. The sheet resistance of the film (in Ohm/sq.) was calculated by 
                                                                 𝑅𝑠 = 3.75 ×   𝑉/𝐼                                     (3.1) 
where 3.75 is the correction factor appropriate for the dimensions of my samples. Using 
the thickness (d cm) of the films that we determined using RBS, the resistivity 𝜌 (in μΩ.cm) 
of the films could be inferred as [22] 
                                                   𝜌 = 𝑅𝑠 × 10
6 × 𝑑                      (3.2) 
The Residual Resistance Ratio (RRR) is defined the ratio of the resistance value at 
RT (Room Temperature) over the resistance value at 10 K. Large RRR values indicate that 
the films contain less scattering from defects, such as impurities and grain boundaries [23]. 
For example, a good niobium film deposited at RT will have a RRR of 3 to 5.  
To measure N-I-S or N-I-F-S junctions, we perform the measurements well below 
the TC of niobium (9.2 K), at 4.2 K. The samples are stored in anti-static boxes after they 
are fabricated. The samples were affixed in a chip carrier and wire bonded to it. The wire-
bonded chip carrier with the sample is then inserted in a homemade dipping probe for I-V 
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measurements, which is then dipped in a liquid helium dewar to measure at cryogenic 
temperatures. The I-V measurements are carried out in a shielded room to minimize the 
noise from external surroundings. To avoid damages due to static electricity, the 
measurements were done in a highly humid environment (>40% humidity), all the 
measurement equipment were placed on anti-static mats and grounding wrist-straps were 
used while handling the samples and the equipment [8]. The measurement setup is shown 
in figure 9. The measurement system outside the shielded room consists of a Keithley 220 
current source, a Keithley 2182A nanovoltmeter and a PC recording the data with a 
LabView program as shown in Figure 10. The I-V characteristics and the conductance plots 
were generated using OriginPro 8.5.1 software.  
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Figure 9. Helium dewar and dipping I-V probe inside the shielded room. [8] 
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Figure 10. Current source and nanovoltmeter used for I-V measurement. 
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CHAPTER 4 STUDY OF MANGANESE DOPED MAGNETIC SYSTEMS 
In this chapter we will discuss our motivation for studying doped magnetic 
systems, as well as the results of our studies of manganese doped permalloy –  
(Ni80Fe20)1-xMnx and manganese doped Ni-Fe-Co alloy - (Ni65Fe15Co20)1-xMnx thin films. 
4.1 Introduction and motivation 
 
Alloying / doping has been a widely adopted method to engineer the properties of 
magnetic materials since the 1930s. Scientists at Bell Labs made a large number of  
breakthroughs in their extensive study of using doping and alloying agents to optimize 
magnetic materials for transformers, large permanent magnets and high frequency 
applications [24][25]. They focused on magnetic systems majorly comprised of 
ferromagnetic elements such as Co, Ni, Fe and anti-ferromagnetic elements such as Cr and 
Mn, as these materials have high magnetic moments. Soft-magnetic alloys developed from 
these elements have been widely used in non-volatile memory technologies. E.g. Ni80Fe20 
(permalloy) (free layer) and Ni65Fe15Co20 alloy (fixed layer). Our group’s goal is to further 
engineer these magnetic materials to achieve the desired properties that could be suitable 
for low power applications at cryogenic temperatures. 
One of the key parameters to accomplish low power consumption is reduced 
switching field of the free layer of magnetoelectronic device. This can be attained by using 
a weaker magnet with low MS, since the write current that generates the switching field is 
approximately proportional to MS
2 [26].  
Theoretical studies using DFT (Density Functional Theory) simulations have been 
run on alloying magnetic materials with non-magnetic materials to predict the effects on 
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some of the properties. These theoretical results guide the experimentalists to develop 
materials with desired composition for specific applications. We do, however, observe 
differences between the theoretical and the experimental results. The materials fabricated 
in the lab do contain both undesirable point and microstructural defects which are not 
considered in the theoretical models. These simulations do however, provide important 
insight into the material characteristics through their predictions of band structures and 
mean free path. The theoretical studies were carried out by our collaborators, Alena et. al. 
at King’s college, London. 
In recent times, our group had studied two such magnetic systems (Ni80Fe20)1-xCux 
and (Ni80Fe20)1-xCrx based on the theoretical simulations performed on those materials.   
In the copper permalloy study [4] [8], we showed that diluting magnetic elements 
(Ni80Fe20) with non-magnetic hosts (Cu) could tune the values of MS and Curie temperature 
(TC) over a broad range from - MS of about 800 emu.cm
-3 to 0 emu.cm-3 and TC of about 
800 K to 0. It was found that (Ni80Fe20)1-xCux with (Ni80Fe20) >25% were ferromagnetic. 
Therefore, this system with low MS appeared to be a good candidate for low temperature – 
low power magneto-electronic applications. Finally, a JMRAM memory cell with one of 
the compositions was fabricated and characterized.  The issues with this system were large 
scattering of the majority and minority spin channels of the copper permalloy and large 
amounts of copper concentration (~70%) in the alloys was needed to achieve the Low MS 
but at the cost of the mediocre switching behavior. 
The study on chromium doped permalloy (Ni80Fe20)1-xCrx [5] resulted in a viable 
material for room temperature and cryogenic memory technology with a very low MS. 
Chromium being a strong anti-ferromagnetic element, a significant reduction in the MS was 
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achieved at 15% Cr composition and did not significantly degrade the excellent switching 
behavior associated with permalloy. However, the theoretical calculations did find that the 
alloys with chromium also result in an undesirably strong scattering of electrons traveling 
in the minority spin channel. 
Form the two previous studies, we inferred that alloying with an anti-ferromagnetic 
element yielded a significant reduction in the MS at low dopant concentration, with a 
minimal impact on the other magnetic properties. Minority spin channel scattering was a 
point of concern in both the cases. So our motivation was to develop magnetic materials 
with desired magnetic properties through doping anti-ferromagnetic elements which would 
result in minimal minority spin channel scattering. DFT simulations were carried out on 
magnetic alloys with certain non-magnetic and anti-ferromagnetic dopants and some of the 
magnetic properties were predicted with increasing dopant concentration. The predictions 
are shown in the figure 11a, 11b and 11c [Ms. Alena A. Vishina, pers. comm.].  
 
 
 
 
 
 
 
 
Figure 11a. Theoretical results for Saturation Magnetization for certain alloys 
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Figure 11b. Theoretical results for Curie temperature for certain alloys 
 
 
 
Figure 11c. Theoretical results for minority carrier mean free path for certain alloys 
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Based on the theoretical predictions we ruled out the magnetic system with rhodium 
(Rh) as a dopant. Although the majority and minority scattering was minimal across all 
dopant concentrations, the magnetic properties like MS and TC did not see much of a drop. 
Manganese (Mn) doped magnetic systems appeared to be attractive, as Mn is an anti-
ferromagnetic element, and the MS and TC trend matched up with Cr-doped system. The 
interesting point was that the mean free path was significantly longer than for the Cr-doped 
system. So we decided to investigate both Mn doped magnetic alloys – (Ni80Fe20)1-xMnx 
and (Ni65Fe15Co20)1-xMnx for our experimental study. 
4.2 Sample preparation  
Thin films of Mn-doped magnetic systems were deposited on unheated oxidized 
silicon (100) substrates through co-sputtering in a multi-target sputter chamber with base 
pressures of ~4x10-9 Torr. 2” Meivac Inc. magnetron sputter guns were used with all the 
sputter targets. Adjacent guns were positioned at 45 deg angle with each other. Ni80Fe20 
and Ni65Fe15Co20 were the sputter targets with the desired composition used for the base 
magnetic alloys to be studied. The sample holder was aligned parallel to the sputter guns 
with magnetic alloys so that these alloys are sputtered head-on to the substrate while the 
Mn target was sputtered at an angle during co-sputtering. The films were deposited in the 
presence of a 150 Oe magnetic field to introduce uniaxial anisotropy in the material. 
Sputtering was performed in 3 mTorr argon pressure. The power of the magnetic sources 
was set to the chosen level; Ni80Fe20 @ 15 W and Ni65Fe15Co20 @ 18 W, Mn @ 5 W to 25 
W to adjust the manganese content from 5% to 30% in the film.   
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All samples were coated with a thin ruthenium (Ru) top layer (5 nm) to prevent 
oxidation of the magnetic thin films and a niobium (Nb) bottom layer to mimic the 
superconducting electrode layer in a superconductor/ferromagnet device structure. In our 
previous study [27] we found that having a Ru under-layer for doped permalloy films 
showed improved magnetic properties. So, we used a Ru under-layer in the stack for our 
study on Mn-doped permalloy. We were also curious to see if having a Ru under-layer 
would improve the magnetic properties of Ni-Fe-Co-Mn alloys, so we studied that too. We 
made two thin films stacks, one with Ru under-layer and another without Ru under-layer. 
The schematic of the three thin film stacks for this study are depicted in figure 12.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  29 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12. Thin film stacks of the three samples, (a) (Ni80Fe20)1-xMnx,  
(b) (Ni65Fe15Co20)1-xMnx (c) (Ni65Fe15Co20)1-xMnx without Ru under-layer. 
 
 
 
 
 
 
 
STACK 1 
50 Å Ruthenium 
24 Å (Ni80Fe20)1-xMnx 
20 Å Ruthenium 
50 Å Niobium 
SiO2/Si Substrate 
STACK 2 
50 Å Ruthenium 
28 Å (Ni65Fe15Co20)1-xMnx 
20 Å Ruthenium 
50 Å Niobium 
SiO2/Si  Substrate 
STACK 3 
50 Å Ruthenium 
28 Å (Ni65Fe15Co20)1-xMnx 
50 Å Niobium 
SiO2/Si  Substrate 
a) 
b) 
c) 
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X-Ray Diffraction (XRD) characterization was done to determine the structural 
information such as crystallinity, lattice parameters and secondary phase formations across 
all alloy compositions. Atomic Force Microscopy (AFM) was performed to determine the 
roughness and topography of the films. Rutherford backscattering spectrometry (RBS) was 
performed to determine the composition and thickness of the films. Since all the elements 
in the alloy (Ni, Fe, Co, Mn) have very similar atomic weights, the accuracy of the 
compositional determinations from RBS analysis is reduced.   
The magnetization-applied field (M-H) isotherm curves i.e., the hysteresis curves, 
of the films were characterized at 10 K using a vibrating sample magnetometer (VSM).  
Four -point probe method was used to measure resistivities of the films of all compositions. 
The probe mounted on a dipping stick was dipped in a Liquid He dewar to measure 
resistivities at room temperature and down to 4.2 K.  
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4.3 Results and discussion 
4.3.1 Structural Characterization 
X-Ray Diffraction 
The lattice constants and inter-planar distance, d (calculated using Bragg’s law) 
were calculated for each Bragg peak and they were indexed to their Miller indices.     
 
 
 
 
 
  
 
 
 
 
 
 
Figure 13. Phase diagram of Ni-Fe-Co alloy [28] 
 
 Figure 13 shows the ternary phase diagram of Ni-Fe-Co alloy, with the composition 
in study denoted by dotted lines. Material with composition Ni65Fe15Co20 lies in the single 
FCC phase region. [28] 
XRD scans were carried out on 50 nm thick (Ni65Fe15Co20)1-xMnx films deposited 
on (100) silicon substrate aligning the beam to the substrate. The lattice constants were 
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inferred from the measured 2Ɵ angle of the (Ni65Fe15Co20)1-xMnx (111) diffraction peak. 
Figures 14a and 14b show the trend in lattice constant with increasing Mn content, as       
well as the difference in the peak between (Ni65Fe15Co20)95Mn5 and 
(Ni65Fe15Co20)80Mn20 systems. A shift in the peak to lower 2Ɵ with increasing Mn-content 
in the film is observed, indicating an expansion in the lattice constant and that the 
manganese is entering substitutionally in the Ni65Fe15Co20 lattice.  
In figure 14a, we see a transition in the slope at ~10 % Mn in the film. We attribute 
this to the emergence of a secondary phase of antiferromagnetic NixMn [29]. The grain size 
of the (Ni65Fe15Co20)1-xMnx thin films at 0 ≤ x ≤ 30% can be estimated using Scherrer’s 
formula, although this should be considered an upper limit since local strain fields, which 
often dominate in thin films, are another source of broadening the Bragg diffraction peaks.  
Scherrer’s formula: 
L (nm) = 
𝐾.𝜆 
𝛽.𝑐𝑜𝑠𝜃
 
Where, L is the grain size (upper bound) 
 K is a dimensionless shape factor, with a value close to unity. (0.94, FCC) 
λ is the X-ray wavelength (nm) 
β is the (Full Width Half Maxima) (radian) 
θ is the Bragg angle (radian) 
 The inferred grain size was in the 12 nm - 14 nm range for the (Ni65Fe15Co20)1-
xMnx thin films with up to 20% Mn content and it dropped to ~6 nm at 30% Mn in the 
film. For more accurate determinations of grain size, scanning electron microscopy 
imaging can be used in conjunction with chemical and thermal grain boundary delineation 
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methods. Transmission electron microscopy can do this as well, although this technique  
typically only samples a small region of the sample. These methods were not utilized in 
our studies and should be considered for future work.   
              
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 14. (a) Dependence of lattice parameter on manganese content in 
(Ni65Fe15Co20)1-xMnx layers and (b) X-ray diffraction result of (Ni65Fe15Co20)1-xMnx       
(x= 5% and x=20%) (111) Bragg peaks. A decrease in the peak position is observed with 
increasing Mn content in the film, indicating a lattice dilation. 
b) 
Ni65Fe15Co20Mn20 
Ni65Fe15Co20Mn5 
a = 3.568 
Å 
a = 3.551 
Å 
1
 1
 1
 
a) 
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Atomic Force Microscopy 
The surface topography of the (Ni65Fe15Co20)1-xMnx films was characterized using 
a Digital Instruments Nanoscope III AFM for two different concentrations of manganese, 
with and without Ru under-layer. The 2D and 3D AFM images are shown in figures 15a 
and 15b. As can be observed, the size of the surface features became smaller upon 
increasing the amount of manganese in the films, regardless of the presence or absence of 
the under-layer. Adding a Ru under-layer improves the quality of the surface of the Mn-
doped Ni65Fe15Co20 alloy films as it did for doped permalloy films. A significant difference 
was not observed for films with an under-layer up to 20% Mn.  It was also observed that 
the films without Ru under-layer had an increased surface roughness which resulted in poor 
magnetic properties, as will be discussed further in the next section. The presence 
of significant levels of particulate contamination on the surface limited the precision to 
which we could determine the roughness of these very smooth films. RMS 
roughness determinations of films with two different Mn concentrations (0% and 20%), 
with and without under-layer, are summarized in table 4.1. Additional work is underway 
to eliminate the inaccuracy in the RMS roughness determinations from the particulates. We 
are also working towards developing methods to identify and then eliminate the source of 
the contamination. 
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Figure 15a. 2D and 3D AFM images of (Ni65Fe15Co20)1-xMnx samples at x= 0% and 
x=20% with Ru under-layer.  
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Figure 15b. AFM (2D and 3D) images of (Ni65Fe15Co20)1-xMnx samples at x=0% and 
x=20% without Ru under-layer 
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Table 4.1 RMS roughness of Ni65Fe15Co20 and (Ni65Fe15Co20)80Mn20 films as measured by AFM 
 
 
It is observed that the films without Ru under-layer have higher surface roughness which 
is detrimental to the magnetic properties, which will be discussed in the coming sections.  
 
Rutherford Backscattering Spectrometry (RBS) 
      RBS is a non-destructive technique used to determine the thickness and the 
chemical composition of the films. It can also be used to detect intermixing between the 
layers. RUMP simulation software is used to analyze the RBS results.  Figure 16 is an 
example of how the RBS spectrum is simulated and analyzed.  
 
 
 
 
Sample 
 
Mn - 0% 
 
Mn - 20% 
 
With Ru under-layer 
 
Roughness = 4.2 Å 
 
Roughness = 4.1 Å 
 
Without Ru under-layer 
 
Roughness = 6.4 Å 
 
Roughness = 8.9 Å 
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Beam:         3.040 MeV   4He++     1.00 uCoul @ 1.00 nA 
Geometry:  Cornell Theta:    8.00 Phi:   10.00 Psi:   10.00 
MCA:         Econv:   5.450   25.000 First chan:  0.0 NPT: 1024 
Detector:    FWHM: 26.0 keV Tau:  5.0   Omega: 3.400 
Correction: 0.0590 
 
Figure 16.  RBS simulation of (Ni65Fe15Co20)95Mn5 sample 
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4.3.2 Magnetic characterization  
 
Magnetic characterization was performed using the VSM [Quantum Design, Model 
Physical Property Measurement System (PPMS)] on thin films of (Ni80Fe20)1-xMnx,  
(Ni65Fe15Co20)1-xMnx with Ru under-layer and (Ni65Fe15Co20)1-xMnx without Ru under-
layer (indicated as No Ru in the results). The samples were characterized at 10 K in two 
different directions, one where the moments are parallel to the applied magnetic field called 
the Easy Axis (EA) and the other where the moments are perpendicular to the applied 
magnetic field called the Hard Axis (HA). Figures 17a, 17b and 17c show the hysteresis 
plots of the 3 different samples across all compositions with manganese in both EA and 
HA directions.  
Figure 17a.  Hysteresis plots of (Ni80Fe20)1-xMnx samples at 0 ≤ x ≤ 30% 
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Figure 17b. Hysteresis plots of (Ni65Fe15Co20)1-xMnx samples with Ru under-layer at  
0 ≤ x ≤ 30% 
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Figure 17c. Hysteresis plots of (Ni65Fe15Co20)1-xMnx samples without Ru under-layer at  
0 ≤ x ≤ 30% 
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Determination of the magnetic parameters from the Hysteresis plot 
           Figure 18 illustrates the method we use to determine the relevant magnetic 
parameters from the measured hysteresis plots. Properties such as MS, MR and HC are 
illustrated for the Easy Axis (EA) and Hard Axis (HA) properties are determined similarly. 
 
 
Figure 18. Magnetic parameters from Hysteresis loops 
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Saturation Magnetization (MS) 
MS of all the samples was extracted using the method illustrated in figure 18. The 
trend in the MS of the samples were plotted up along with the theoretical predictions. Figure 
19a shows the MS trend for (Ni80Fe20)1-xMnx with Mn content in the system varying from 
0 % to 30 %. Similarly, figure 19b shows the MS trend for (Ni65Fe15Co20)1-xMnx films with 
and without Ru under-layer along with its theoretical predictions. 
 
    
 
 
 
 
 
 
 
 
 
 
       
Figure 19a. Saturation Magnetization trend in (Ni80Fe20)1-xMnx sample 
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Figure 19b. Saturation Magnetization trend in both (Ni65Fe15Co20)1-xMnx samples  
 
We observe a similar trend in MS with increasing Mn content in all three Mn doped 
samples. Until a content of 10 % Mn in the film is reached, we do not observe a decrease 
in the MS for the system. And then at higher Mn content, we observe a sudden decrease in 
the magnetization that is presumably due to anti-ferromagnetic- ferromagnetic coupling 
coming between Mn atoms. The theoretical and experimental values show similar trends 
after 10% Mn content. Another method to investigate the properties of these films is 
neutron diffraction. This characterization would give us detailed information on the 
threshold for the anti-ferromagnetic-ferromagnetic coupling. This method was not utilized 
in our studies and is not discussed further. 
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Dead Layer Determination (D.L.) 
 To study the initial trend in MS up to 10% Mn, we performed studies on 
Ni65Fe15Co20 and (Ni65Fe15Co20)95Mn5 systems as a function of thickness to infer the dead 
layer thickness of each alloy. If the thickness of the dead layer changed markedly with 
introduction of Mn in the Ni-Fe-Co alloy films, then the initial increase in MS might have 
resulted from this effect.  
  The dead layer is an artificial construct of the layer thickness that does not 
contribute to the magnetization of the film. It is deduced by extrapolating the magnetization 
data as a function of thickness back to the x-axis thickness with zero magnetization. 
Ni65Fe15Co20 and (Ni65Fe15Co20)95Mn5 thin films of different thicknesses were deposited 
and MS was measured for all the films. Figures 20a and 20b are the plots of MS as a function 
of thickness. Least squares fit was done to determine the x-intercept which gives us the 
dead layer thickness. 
 It was found that the dead layer thickness was almost the same in both the films, as 
they fall within our experimental uncertainty. This rules out this effect as making a 
significant contribution to the initial trend in the MS in (Ni80Fe20)1-xMnx and 
(Ni65Fe15Co20)1-xMnx thin films that were discussed in the last section. 
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Figure 20. Dead Layer Determination (a) Ni65Fe15Co20 (b) (Ni65Fe15Co20)95Mn5 
 
 
 
a) 
b) 
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Coercivity (HC) 
Coercivity of the samples in both Easy Axis and Hard Axis directions was 
determined using the method shown in figure 18. Figure 21a shows the coercivity trend in 
EA and figure 21b shows the coercivity trend in HA for the (Ni80Fe20)1-xMnx and 
(Ni65Fe15Co20)1-xMnx thin films. 
In alloys, the coercivity is governed by domain wall pinning and motion, which are 
influenced mainly by the presence of defects including point defects, grain boundaries, 
secondary phases, dislocations and macroscopic inhomogeneities including surface 
roughness and film thickness variations. [30]. 
For low power cryogenic magnetic memory applications we need materials with 
reduced MS, HC and HK. The HC increases markedly for over 5% Mn content in 
(Ni65Fe15Co20)1-xMnx films that do not have a Ru under-layer as a result of high surface 
roughness. In the case of (Ni65Fe15Co20)1-xMnx films with the under-layer, the HC is small 
and relatively constant up to 20% Mn content. The increase in HC after 20% Mn content is 
due to increased domain-wall pinning attributed to presence of secondary phases and 
increased number of grain boundaries (reduced grain size) as determined from XRD 
analysis. This implies that (Ni65Fe15Co20)1-xMnx with a Ru under-layer is a good candidate 
for cryogenic low-power magnetoelectronic applications. 
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Figure 21. Coercivity trend in all three samples (a) Easy Axis (b) Hard Axis 
 
 
 
a) 
b) 
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Squareness (MR/MS) 
Once we determined the MR and MS values from the hysteresis for both EA and 
HA, we can infer squareness by taking the ratio of MR over MS. For a good magnetic 
material for memory application, the EA squareness must be above 0.85 to ensure long-
term memory retention. Figure 22 shows the EA and HA squareness results for all the 
samples in this study. 
     
Figure 22. Easy Axis and Hard Axis Squareness trend in all three samples 
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 In figure 22, the EA squarenesses of all the samples are above 0.85. Thus, the HA 
squareness is the deciding factor for material selection for our application. The lower the  
HA squareness the higher the anisotropy in the film. The increase in HA squareness 
correlates with the increase in HC observed in the films. In the (Ni65Fe15Co20)80Mn20 film 
with Ru under-layer, the HA squareness is higher (~0.5) and along with lower coercivity 
(~10 Oe) makes it a better candidate for memory applications. Though the HA squareness 
of (Ni65Fe15Co20)1-xMnx films without Ru under-layer is high after 5% Mn, its combination 
with large coercivity makes it a poor choice for our application. 
Magnetic Anisotropy Field (HK) 
The magnetic anisotropy field for the films were determined by using the method 
associated with the green line in figure 18. Figure 23 shows the inferred anisotropy field 
for all the Mn-doped films in this study.  
 A good free layer magnetic material would have minimal anisotropy, as indicated 
by the EA coercivity and anisotropy field having approximately the same value. This would 
ensure that the switching field would not depend on the orientation of the material in the 
bit. 
Magnetic anisotropy was absent in all (Ni80Fe20)1-xMnx films with x>0. We had 
observed an increase in the surface roughness for the (Ni65Fe15Co20)1-xMnx films without 
Ru under-layer and this led to a decrease in the anisotropy field in the films as compared 
to the films with Ru under-layer. In (Ni65Fe15Co20)1-xMnx with Ru under-layer samples, a 
decrease in HK with increasing Mn content up to 20% is observed, presumably due to 
increasing disorder in the alloy [5] with introduction of Mn, by breaking up the directional 
pair ordering in the NiFeCo alloy. The HK for (Ni65Fe15Co20)80Mn20 with Ru under-layer is 
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very similar to the HC of the films. The magnetic properties of this composition of films is 
deemed suitable for cryogenic low-power memory applications. 
 
 
 
Figure 23. Magnetic anisotropy trend in all three samples 
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4.3.3 Electrical Characterization 
 
Resistivity 
The resistivity and the RRR (Residual Resistance Ratio) of 50 nm thick 
(Ni65Fe15Co20)1-xMnx films were determined at room temperature and 10 K. The trends in 
the resistivities and RRR are shown in figure 24.  
 
 
Figure 24.  Room temperature and 10 K resistivity & RRR of (Ni65Fe15Co20)1-xMnx films 
 
The RRR values were close to 1, indicating that the mean free path of the 
conduction electrons is dominated by defect scattering and thus does not vary much with 
temperature. The slight increase in the resistivity with temperature does show effects of 
phonon scattering. [31] 
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Mean free path (λ) 
 The majority spin channel mean free path of the electrons was calculated based on 
Drude’s model, where the mean free path is related to the resistivity & electron density of 
the material. The mean free path is given by [13] 
 
λ = ((rs/a0)2/ ρ)x 92 Å 
                  Where, rs = (3/(4.π.n))1/3 
                a0 = 0.529 Å 
               n = 6.02x1023x Z x (at.den./at.wt.) 
 
 The majority spin channel mean free path across all compositions at RT and 10 K 
is shown in figure 25. We did not use a means that can determine the minority spin channel 
mean free path experimentally, so we go by the theoretical results from our collaborators 
for the same which is shown in figure 26. 
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Figure 25.  Room temperature and 10 K majority carrier mean free path of 
(Ni65Fe15Co20)1-xMnx films 
 
 
  
 
 
 
 
 
 
 
 
 
Figure 26.  Theoretical minority carrier mean free path of (Ni80Fe10Co10)1-xMnx films. 
[Ms. Alena A. Vishina, pers. comm.] 
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CHAPTER 5 PRILIMINARY STUDIES ON N-I-F-S JUNCTIONS 
5.1 Overview of N-I-S junction fabrication Process  
 
N-I-S tunnel junctions with the normal metal as the bottom electrode were 
deposited using a multi-target DC magnetron sputtering system. Previously, we fabricated 
S-I-N junctions [8] with a bottom S layer. Then to eliminate edge shorting between the top 
and bottom electrodes, a layer of germanium was used as the low-temperature insulator. 
Our goal was make the tunnel junction fabrication a simple and a quick process. So we 
chose shadow mask process to fabricate our N-I-S junctions with a bottom Al layer that 
could be oxidized to form an insulating conformal AlOx layer. 
Stainless steel shadow masks with slits to define the deposited metal layers were 
used during deposition. Shadow masks were kept in close contact to the SiO2 substrate to 
avoid shadowing. We used shadow mask 1 shown in figure 27 for depositing bottom 
aluminum electrode. We tried various methods to oxidize the aluminum to form an 
insulating barrier layer, as we will describe in the next subsection. After forming the 
insulating barrier, we use shadow mask 2 shown in figure 27 deposit the top 
superconducting electrode, which is niobium in our study. Then the samples were unloaded 
from the chamber, stored in an anti-static box until before measurement and opened only 
in highly humid (>40% humidity) environment for wire bonding and during measurement. 
Wire bonding is used to connect the devices to the chip carriers for measurement. 
Figure 28 is a schematic of the tunnel junction wire-bonded to a chip carrier and ready for 
measurement. 
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Figure 27. Schematic of an shadow masks 1 and 2 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 28. Schematic of an N-I-S junction wire-bonded to a chip carrier. 
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5.1.1 Oxidation condition determination 
 
Since our junction dimensions are quite large compared to typical order-micron size 
devices, control of the oxide properties is critical to obtain a working tunnel junction. The 
oxide layer should be sufficiently thick and uniform to form a barrier layer throughout the 
junction area. Initially, we started with oxygen atmosphere exposure to produce AlOx 
barrier layer. So, after the deposition of aluminum electrode, the sample was brought in to 
the load-lock chamber and immediately filled the chamber with 99% pure oxygen gas. We 
varied the pressure and time based on literature [32] and we were not able to obtain a 
sufficiently low JC junction even when 250 Torr O2 pressure - 48 hour oxygen exposures 
were used. Then we came across this article that said, the deposition of hot niobium on 
AlOx causes significant damage to the tunnel barrier [33] and the authors had suggested to 
go for double barrier tunnel junctions where we oxidize the bottom electrode first and 
deposit another layer (20 Å) of aluminum and oxidize it forming a double oxide barrier, 
such that even if one barrier layer gets destroyed on depositing hot Nb, we are still left with 
insulating barrier layer for tunneling.  
We followed the procedure in that article:- 
 Oxidation of the bottom layer at 200 Torr O2 pressure for 24 hours  
 Load the sample back into the chamber into the main chamber 
 Deposit 15 Å of aluminum  
 Bring it back into the load lock  
 Expose it to 200 Torr O2 atmosphere for 24 hours 
 Deposit the top electrodes  
Finally, we obtained a working tunnel junction.  
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Since our goal was to make the fabrication process simple and quick, we explored 
alternatives which were both faster and simpler. We chose a 1-step thermal oxidation 
process and designed an experiment to determine optimum oxidation condition. Figure 29 
shows the square plot for two temperatures - 50 °C and 100 °C and two durations – 15 mins 
and 30 mins.  
 
 
 
 
 
 
Figure 29. Square plot - Design of Experiment 
 
 The bottom electrode for the samples in this study was deposited simultaneously to 
minimize the run to run error. The samples were placed on a hot plate for thermal oxidation 
at specific temperature for a specific duration of time. Then, the top electrodes were 
deposited and wire-bonded and measured. 
5.2 Results and discussion 
 The I-V measurements were performed for all the tunnel junctions with different 
barrier oxidation conditions for the barrier. The I-V characteristics and the differential 
conductance values were calculated and plotted. The TC of the niobium electrode was 
measured to be ~8 K. The I-V measurements were carried out at different temperatures 
below and near TC of niobium. The results of tunnel junctions with different oxidation 
50 °C - 15 mins  
 
100 °C - 15 mins  
 
100 °C - 30 mins  
 
50 °C - 30 mins  
 
  59 
conditions are shown in figures 30 to 34. The superconductor energy gap observed at 4.2 
K is about 1.3 mV (Δ) and the gap reduced as we increased the temperature and became 
zero at TC. The I-V characteristics of the N-I-S junctions were determined using 4-point 
measurements using Keithley Model 220 current source, Keithley 2182A nanovoltmeter, 
controlled using a LabView program for data acquisition. 
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I-V and Differential conductance graphs 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 30. I-V and Differential Conductance for N-I-S junction. 
Oxidation Condition: Double barrier O2 atmospheric oxidation  
Double Oxide Barrier  
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Figure 31. I-V and Differential Conductance for N-I-S junction. 
Oxidation Condition: Thermal - 50 °C - 15 mins 
50 °C - 15 mins  
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Figure 32. I-V and Differential Conductance for N-I-S junction. 
Oxidation Condition: Thermal - 100 °C - 15 mins 
100 °C - 15 mins  
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Figure 33. I-V and Differential Conductance for N-I-S junction. 
Oxidation Condition: Thermal - 100 °C - 30 mins 
 
 
100 °C - 30 mins  
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CHAPTER 6 CONCLUSIONS AND FUTURE WORK 
6.1 Conclusions 
6.1.1 Study of manganese doped magnetic systems 
The goal of this study was to develop magnetic materials by co-sputtering for 
cryogenic magnetoelectronic applications. So, we doped our magnetic alloys, Ni80Fe20 and 
Ni65Fe15Co20 with Mn up to 30 at. % in the alloys and also studied the effects of having a 
Ru under-layer for (Ni65Fe15Co20)1-xMnx system. The MS of (Ni80Fe20)1-xMnx system 
decreased by 19 % at x = 30% and the other magnetic properties exceeded the desired 
values at x >15%, so we conclude that the effect of Mn doping in permalloy is not 
significant. We observed a 36 % decrease in MS of (Ni65Fe15Co20)1-xMnx system at x = 30% 
and studied its other magnetic, structural and transport properties. We obtained some 
interesting results by doping with Mn. We did not see a drop in the MS up to 10 % Mn in 
both the alloys. So we performed dead layer studies on (Ni65Fe15Co20)1-xMnx at x = 0% and 
x = 5% and found no difference in dead layer thickness. Therefore, the initial trend of MS 
is unaffected by this effect. The abrupt drop in the MS at x=15% in (Ni65Fe15Co20)1-xMnx 
which corresponds to the initiation of the anti-ferromagnetic – ferromagnetic coupling in 
the system, thereby bringing down the MS. AFM results showed that the surface roughness 
was lower (better film quality) for the (Ni65Fe15Co20)1-xMnx films with a Ru under-layer 
which resulted in better magnetic properties. (Ni65Fe15Co20)80Mn20 sample with Ru under-
layer with MS~700 emu.cm
-3, EA HC ~10 Oe and HA HC ~5 Oe, EA Squareness ~0.9 and 
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anisotropy field ~12 Oe at 10 K, appeared to be an attractive free layer for low power 
cryogenic magnetic memory devices.   
6.1.2 Study on N-I-S junctions  
 
 The goal of this study was to fabricate macro-scale N-I-S tunnel junction using a 
quick and simple process since it is the base for N-I-F-S junctions. So, we fabricated N-I-
S junctions with a junction area of 0.25 mm2 using shadow masks. For such big junctions, 
getting a uniform insulating barrier layer is the critical step. After a number experiments, 
we achieved a working tunnel junction under O2 exposure forming double oxide barrier 
layer. It was typically a two day process. So we went for a much faster 1-step thermal 
oxidation of the bottom electrode (Al) for obtaining insulating barrier layer. Out of the 
experiments carried out we finalized on the oxidation condition “100 °C – 30 mins” as we 
observed better tunneling, manifested by a bigger dip and the temperature dependence in 
the differential conductance plot. Another advantage of this condition is that we can get rid 
of hydroxides and other such volatile substances and get a clean oxide barrier layer. 
6.2 Future work 
6.2.1 Further Study of manganese doped magnetic systems 
Neutron diffraction study on (Ni65Fe15Co20)1-xMnx films to obtain a microscopic 
magnetic structure of the film which validates the anti-ferromagnetic – ferromagnetic 
coupling occurring after 10% Mn in the alloy.  
To determine the minority carrier mean free path experimentally. 
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JMRAM memory cell with S/F/N/F’/S structure could be fabricated with 
(Ni65Fe15Co20)80Mn20 with Ru under-layer as a soft magnetic free layer and 
(Ni65Fe15Co20)95Mn5 or Ni65Fe15Co20 with Ru under-layer as a fixed layer. 
6.2.2 Fabricate and study N-I-F-S junctions 
 Fabricate S-F bilayers and N-I-F-S junctions with F = (Ni65Fe15Co20)80Mn20 to 
study the proximity effect and studying the tunneling density of states propagating through 
the ferromagnetic layer respectively as a function of its thickness.   
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